ABSTRACT Phage shock protein A (PspA), which is responsible for maintaining inner membrane integrity under stress in enterobacteria, and vesicle-inducting protein in plastids 1 (Vipp1), which functions for membrane maintenance and thylakoid biogenesis in cyanobacteria and plants, are similar peripheral membrane-binding proteins. Their homologous N-terminal amphipathic helices are required for membrane binding; however, the membrane features recognized and required for expressing their functionalities have remained largely uncharacterized. Rigorously controlled, in vitro methodologies with lipid vesicles and purified proteins were used in this study and provided the first biochemical and biophysical characterizations of membrane binding by PspA and Vipp1. Both proteins are found to sense stored curvature elastic (SCE) stress and anionic lipids within the membrane. PspA has an enhanced sensitivity for SCE stress and a higher affinity for the membrane than Vipp1. These variations in binding may be crucial for some of the proteins' differing roles in vivo. Assays probing the transcriptional regulatory function of PspA in the presence of vesicles showed that a relief of transcription inhibition occurs in an SCE stress-specific manner. This in vitro recapitulation of membrane stress-dependent transcription control suggests that the Psp response may be mounted in vivo when a cell's inner membrane experiences increased SCE stress.
S
tress response systems are prevalent throughout all cell types, and several important stress responses function to maintain the cell envelope. The page shock protein (Psp) response is one such membrane-targeted stress response system that is widely distributed in bacterial, archaea, and higher plants (1, 2) . It is induced under a number of conditions proposed to result in inner membrane (IM) stress, including the mislocalization of outer membrane secretins (such as filamentous phage pIV protein), extreme temperature, and hyperosmotic shock. Involved in pathogenicity, biofilm formation, and multidrug-resistant persister cell formation, the Psp response appears to stabilize the IM and prevent dissipation of the proton motive force (PMF) (3) .
A minimal Psp system in Proteobacteria is proposed to consist of PspA and the transcriptional activator PspF, and in enterobacteria it is supported by the IM proteins PspB and PspC, which are implicated in IM stress sensing and signal transduction (1, 2) .
PspA functions as both a negative regulator and effector of the system. In an uninduced state, PspA forms a 6:6 inhibitory cocomplex with PspF and prevents 54 -dependent expression of the PspA promoter (4) . Upon IM stress, the PspA-PspF complex is disturbed, allowing PspF to activate transcription of the psp operon (5) . PspA expression is upregulated and a switch from negative regulator to effector function is observed, resulting in the formation of higher-order PspA oligomers that bind to the IM to maintain its integrity (6) .
Induction of the Psp response and the regulatory role of PspA have been well characterized (5, (7) (8) (9) ; however, insights into its effector function are relatively sparse. Although PspA is known to bind the IM of Escherichia coli and Yersinia enterocolitica (6, 10) , recognition of features within the membrane and the mechanism by which membrane stress is alleviated are only just beginning to emerge. For example, the E. coli PspA protein is reported to pref-erentially bind to anionic lipids in vitro (3) , and cardiolipin (CL) has been implicated in signaling (11) . PspA exhibits significant similarity with Vipp1, a protein involved in biogenesis of photosystems, thylakoid membrane biogenesis, and protection in cyanobacteria and higher plants (12) (13) (14) (15) , but again, the binding determinants in the target membranes are unclear.
Recent studies have described putative N-terminal amphipathic helices (AHs) in both PspA and Vipp1 (14, 16) . Membrane-binding AHs are a common motif encountered in many peripheral membrane-binding proteins and, although as yet incompletely characterized, the putative N-terminal AH regions of PspA and Vipp1 have been shown to play a role in bilayer association. Jovanovic et al. (16) identified two putative AH sequences at the N-terminus of PspA, residues 2 to 19 (here referred to as AHa) and residues 25 to 42 (AHb), separated by a P25 helix-breaker proline residue. An AHa deletion mutant in E. coli loses effector function and IM localization in vivo, while an AHb deletion mutant retains effector function but loses regulatory function. Vipp1 has a conserved P25 residue preceded by a putative AH sequence, deletion of which in the Arabidopsis thaliana protein results in the loss of the protein's ability to associate with pea chloroplast vesicles (14) .
The role played by membrane composition as a targeting factor of PspA and Vipp1 has yet to be thoroughly examined. Previous in vitro studies of the interaction between PspA and Vipp1 with phospholipid bilayers were limited to qualitative studies with native E. coli anionic lipids (3, 14) . There is, however, a significant body of evidence showing that the functions of peripheral membrane proteins in cells are often modulated by the physical properties of biological membranes. This includes stored curvature elastic (SCE) stress and electrostatic-mediated membrane associations, which are particularly relevant in AH-mediated membrane associations. SCE stress has been identified as a membranebinding determinant for a number of peripheral membranebinding proteins (17, 18) . This physical torque stress occurs within a bilayer when lipids in the constituent monolayers are forced to adopt an unfavorable packing conformation, such as when type II conical lipids (e.g., phosphatidylethanolamine [PE] and diacylglycerols [DAG]) form a major component of the membrane. Sustaining SCE stress levels within a critical range is important for biological membranes to prevent phase transition into a porous state (17) . SCE stress is thought to result in hydrophobic cavities within the membrane, which are known as lipid-packing defects, a phenomenon also linked to increased membrane curvature and shown to promote AH membrane binding in a number of cases (19, 20) .
Here, we establish a simple and quantitative technique employing the use of native PAGE supported by classical sucrose gradient centrifugation to provide insights into the physical determinants that promote membrane binding of PspA and Vipp1. We show that both proteins possess at least two distinct sensing mechanisms for direct membrane binding, an anionic lipid-binding determinant and preferential binding to membranes with increased SCE stress. Establishment of a direct protein-membrane interaction that is stress specific yet nonspecific to particular phospholipid head groups suggests that a conserved membrane stresssensing feature may be recognized in all organisms that use PspA and Vipp1. Additionally, by using in vitro transcription assays, we show relief of PspA's transcription repression function upon its exposure to membranes with high levels of SCE stress. We infer that SCE stress likely plays a role in IM stress signaling and induction of the Psp response in vivo. We propose that PspA and Vipp1 target areas of biological membranes possessing increased lipidpacking defects arising from SCE stress. At these sites, PspA or Vipp1 higher-order oligomers may then stabilize the stressed membrane by multiple AH insertions, alleviating SCE stress and imparting a scaffold effect that prevents the membrane phase transition into a porous state.
RESULTS
PspA-membrane binding quantitatively measured in a native PAGE-based assay. Wild-type (WT) E. coli PspA was purified as described previously (7, 8) , and native functionality was confirmed via PspA-PspF interaction assays (see Fig. S1 in the supplemental material). In order to quantify the binding of PspA to phospholipid vesicles, a native PAGE-based assay was developed (Fig. 1a) . Results with purified PspA and 100 nm E. coli total lipid extract (TLE) vesicles are shown in Fig. 1 . The intensity of the PspA band significantly decreased with samples containing TLE vesicles (Fig. 1b) and titrated down to around 10% that of the free PspA standard. The percentage of vesicles that bound PspA was calculated based on the decrease in band intensity of the positive vesicle samples compared to the PspA input. Figure 1c shows the calculated amount of vesicle-bound PspA positively correlates with increasing TLE concentration. Controls using nonmembrane-binding PspF established that protein-membrane binding was the cause of the decreased protein signal for PspA. Incubation with vesicles resulted in no significant decrease in the free PspF 1-275 band (see Fig. S1 ). PspA-vesicle cocomplexes migrating within the gel were evident when we performed the assay with small vesicles (diameters, Ͻ100 nm), providing evidence of a direct protein-membrane interaction (see Fig. S2 in the supplemental material). To further confirm a direct PspA-membrane interaction, sucrose density gradient centrifugation was undertaken. PspA alone was observed only in dense fractions; however, when incubated with vesicles, PspA was then found in lowerdensity fractions, where TLE vesicles fractionate (Fig. 1d) . It is clear from these results that our purified PspA is able to bind the membrane of vesicles with lipid compositions similar to those found in E. coli. E. coli lipid extracts deficient in anionic lipids still bind PspA. To probe the contributions of native E. coli phospholipids to PspA-membrane binding, vesicles produced from cell extracts were used. Zwitterionic PE, anionic phosphatidylglycerol (PG), and dianionic CL make up around 75%, 20%, and 5% of the IM phospholipid content of E. coli, respectively (21) . Strains of E. coli lacking the CL synthase gene (cls) have greatly diminished amounts of CL, while strains lacking the PG synthase gene (pgsA) have significantly reduced PG and CL (22) . Lipids were extracted from E. coli WT cells and from cls and pgsA deletion mutants. Mass spectrometry of the extracts confirmed a great reduction in PG for the pgsA mutant (data not shown). PspA bound vesicles of the three lipid extracts with a similar affinity (Fig. 2a) , as the slight differences in binding between the extracts were statistically insignificant at any of the lipid concentrations tested (for all comparisons, P Ͼ 0.05, repeated-measures analysis of variance [ANOVA]). Our results imply that membranes deficient in anionic lipids can still bind PspA. Although low levels of anionic lipids within the pgsA vesicles and Ͻ1% phosphatidylserine (PS) are present in membranes (23), our results suggest that a high anionic lipid content in membranes is not a requirement for PspA binding.
Membrane stored curvature elastic stress-dependent binding. Investigations using synthetic phospholipid vesicles were undertaken. This approach allows for enhanced control over the biophysical properties of the membrane compared with use of lipid extracts, as both lipid head and tail groups can be precisely selected. Here, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) vesicles were used to assess binding to neutral (zwitterionic) lipids, and this resulted in a pronounced membrane interaction (see Fig. S3a and b in the supplemental material). As suggested by the data, anionic lipids cannot be the sole membrane-binding determinant. Although DOPC is not a native E. coli lipid, binding may be due to a physical, nonspecific feature also present in native membranes; we note that SCE stress has been shown to modulate binding of proteins containing AHs to vesicles (17, 18) . Binary lipid vesicles consisting of DMPC with DOPC, or DOPC with DOPE, were used to assess the binding of PspA as a function of the SCE stress profile of the bilayer. These chosen vesicle compositions result in a monotonic increase in SCE stress from DMPC/ DOPC to DOPE/DOPC mixtures and have been employed in a number of protein-membrane interaction studies of the effects of SCE stress (17, 18) . As illustrated in Fig. 2b , from DMPC/DOPC 4:6 (molar ratio) to DOPE/DOPC 4:6, increasing PspA binding was observed in concert with an increase in SCE stress at both lipid concentrations. At a 0.5 mM lipid concentration (50% of binding saturation for TLE vesicles), PspA exhibited a 4-fold increase in binding for DMPC/DOPC 4:6 versus DOPE/DOPC 4:6 vesicles. The effect of increasing vesicle concentrations from 0.25 to 2.5 mM (Fig. 2c ) resulted in an initial linear increase in binding up to saturation for all lipid compositions while preserving the SCE stress-modulated binding trend. Binding saturation with DOPC/ DOPE (6:4 or 8:2) and DOPC vesicles at lipid concentrations of 2.5 mM showed that SCE stress is sufficient to completely sequester all of the PspA to the membrane.
Anionic lipids play a role in PspA-membrane binding. Electrostatic binding interactions were evaluated by addition of anionic lipids to the system. Inclusion of PG, CL, and PS in DMPC/ DOPC 4:6 vesicles (chosen because these lipid compositions exhibited minimal SCE stress-specific binding) at concentrations of 0.5, 2, and 10 mol% were studied. Despite higher anionic lipid concentrations in the native E. coli IM, concentrations were kept low to minimize their contribution to the SCE stress profile of the vesicles. Preparations of DMPC/DOPC with as little as 0.5% anionic lipid increased binding of all species (Fig. 2d) . Cardiolipin, which carries two negative charges and often resides in curved regions within the bacterial membrane, was found to have the largest effect at a low concentration, with 0.5% giving a Ͼ2-fold binding increase. The anionic lipid contribution to membrane binding peaked at 2%, with 10% leading to similar amounts of PspA binding. Combining the two binding determinants by using 10% anionic lipids in vesicles with elevated SCE stress (DOPE/ DOPC 4:6) increased membrane associations of PspA over that with 10% anionic lipids under low-SCE stress (DMPC/DOPC 4:6) vesicles (Fig. 2e ). The binding affinity was similar to that of neutral vesicles with high SCE stress, and so it appears that anionic lipids reduce but do not eliminate the SCE stress-sensing ability of PspA.
PspA 1-186 and PspA ⌬AHa provide insights into structurespecific lipid binding. PspA variants were investigated to study the effects of oligomerization and the putative N-terminal AHa on membrane binding. PspA , which lacks ␣-helical domain HD4 (Fig. 3a) , retains negative regulatory function and purifies as a monomer/dimer unable to form higher-order oligomers (4) but carries AHa and is able to bind the IM when overproduced (11) . PspA 1-186 binds TLE vesicles, and increased membrane SCE stress correlates with additional binding (Fig. 3b) . As such, PspA behaves similarly to wild-type PspA for membrane binding. Apparently, the oligomeric state (and so HD4) observed in solution does not play an essential role for PspA in binding to vesicles.
PspA ⌬AHa , a variant of PspA that lacks residues 2 to 19 (AHa) ( Fig. 3a) , did not bind the IM in vivo, and only residual binding was observed upon IM stress (16) . Unlike PspA and PspA , no PspA ⌬AHa was found in the membrane fraction during its purification. Purified soluble PspA ⌬AHa exhibited no significant vesicle binding, irrespective of lipid concentration, anionic lipid composition (see Fig. S4c in the supplemental material), or SCE stress (Fig. 3b) Fig. S5 in the supplemental material). These results strengthen the evidence for direct binding of PspA AHa to the stressed membrane and also suggest that multiple AHa-membrane interactions in higherorder oligomer PspA enhances the strength of the bilayer association. Vipp1-membrane binding. Synechocystis sp. PCC 6308 Vipp1 was expressed and purified by using a protocol similar to that for PspA. Circular dichroism studies on the purified Vipp1 gave a predominantly ␣-helical structure (see Fig. S5a in the supplemental material), similar to the secondary structure reported and predicted in silico (25) , and indicated a native fold. When analyzed via native PAGE, Vipp1 yields a diffuse, slow-running band similar to that of PspA. Vipp1 can bind E. coli IM vesicles (14) and, in agreement, the native PAGE and sucrose gradient centrifugation assays showed clear binding of Vipp1 to E. coli TLE vesicles (see Fig. S5b ). Affinity of Vipp1 for the TLE vesicles was less than half that of PspA when assessed using the native PAGE system (Fig. 3b) ; however, general binding trends were conserved between the two, as Vipp1 exhibited both anionic and SCE stress-dependent binding. While increased SCE stress still correlated with Vipp1 membrane binding, the effect was less marked than that with PspA ( Fig. 3b  and c ; see also Fig. S5c) . Incorporation of Vipp1 in anionic lipid assays showed a slight increase in binding with an additional membrane negative charge; however, the effects were again less marked than those with PspA (see Fig. S5e ). Combining the two determinants using 10% anionic lipids in vesicles of high SCE stress gave a binding affinity similar to that of neutral vesicles of high SCE stress, suggesting a preference for SCE stress-specific binding with low levels of anionic lipids (see Fig. S5f ). Membrane binding of Vipp1 to vesicles composed of the major lipid species within cyanobacterial membranes, the galactolipids monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) and phospholipid PG, was also observed (see Fig. S6 in the supplemental material) . This showed a direct bilayer association of Vipp1 to lipid compositions similar to those seen in native Synechocystis thylakoid and cytoplasmic membranes.
Similar to the AHa of PspA, Vipp1 contains a putative N-terminal AH region important for membrane association (14) (see also Fig. 3a in the supplemental material) . For a direct comparison with PspA, residues 2 to 19 were designated Vipp1 AHa , and purification of a Vipp1 mutant lacking these residues (Vipp1 ⌬AHa ) was also undertaken. Within the native PAGE and sucrose gradient centrifugation assays, no binding of Vipp1 ⌬AHa to vesicles, irrespective of lipid composition, was observed ( Fig. 3c ; see also performed. Using the Sinorhizobium meliloti nifH test promoter and RNA polymerase holoenzyme in the presence of dinucleotide primer UpG, radiolabeled GTP, and cold dATP for PspF 1-275 action results in production of a small spRNA product, UpGGG (Fig. 4a) (26) . Upon addition of PspA, production of the spRNA was repressed (Fig. 4a) via formation of the PspA-PspF 1-275 inhibitory cocomplex (A-F complex). When TLE vesicles were included, spRNA production recovered to a level similar to that seen when PspA was absent (Fig. 4a) . Controls established that vesicles do not have a PspA-or PspF 1-275 -independent stimulatory effect on spRNA formation (see Fig. S7a in the supplemental material) . These data are indicative of PspA-PspF complex disruption upon membrane exposure, presumably by PspA being sequestered to the vesicle surface. Native PAGE analysis of a PspA/PspF protein mixture with and without vesicles supported this view (see Fig. S7a ).
Other vesicle compositions were assayed to assess their effects on transcription derepression. The increases in spRNA production following release of a PspA negative control arising from the inclusion of SCE stress vesicles (same lipid compositions as used in the native PAGE assays described above) are shown in Fig. 4b and c (see also Fig. S7b in the supplemental material) . Significant recovery of transcription was evident for the two vesicles with the highest levels of SCE stress (DOPE/DOPC 4:6 and 2:8), while the three other compositions present limited transcriptional recovery. When PspA 1-186 instead of full-length PspA was incorporated into the assay mixture, no vesicle compositions were able to relieve transcription inhibition (see Fig. S7c in the supplemental material), suggesting a higher affinity for PspF 1-275 than the membrane. Native PAGE analysis also showed vesicles were unable to disrupt the PspA 1-186 /PspF 1-275 inhibitory complex (see Fig. S7d ). These results revealed that exposure of the PspA/PspF 1-275 inhibitory cocomplex to bilayers of certain lipid compositions is sufficient to disrupt the transcription-inhibiting properties of PspA but apparently only if HD4 of PspA, responsible for higher-order oligomerization of PspA, is present (compare the activities of fulllength PspA and PspA ).
DISCUSSION
The results obtained revealed detailed insights into the membrane-binding determinants of PspA and Vipp1 and indicated possible mechanisms of plasma membrane stress signaling and the actions of these proteins for membrane maintenance. SCE stress within the membrane was found to be a major membranebinding determinant for PspA and Vipp1. Lipid compositions used to test this were chosen to specifically probe for increased membrane SCE stress. For the large unilamellar vesicles (diameter, Ͼ100 nm), membrane curvature was minimal in comparison to the effect of lipid-packing parameters. The bilayers can therefore essentially be considered flat (27) . Dynamic light scattering confirmed the same distribution of vesicle diameters in all samples (see Fig. S8 in the supplemental material), and previous studies of DMPC/DOPC and DOPE/DOPC binary systems found they exhibit no phase separation (17) . The use of zwitterionic lipids eliminated the possibility of electrostatic-mediated proteinmembrane interactions. With DMPC/DOPC vesicles lipid head groups are net uncharged, and with DOPE/DOPC vesicles chains are unaffected; thus, any phospholipid head or chain group chemistry is not important. Lipid molecular area dependence for binding was also inconsistent with the data, as the average crosssectional area per molecule initially increased from 67 Å 2 for 100 mol% DMPC to 76 Å 2 at 100% DOPC, while it was reduced to 69 Å 2 for 60 mol% DOPE (18) . Crucially, the spontaneous curvature changes monotonically from DMPC to DOPC to DOPE and, consequently, so too does the SCE stress. From DMPC to DOPC, unsaturation increases the propensity of chains to splay, causing curvature toward the polar head. DOPC to DOPE results in a further preference for negative curvature due to the lower hydrophilicity of the PE head group (18) .
It is vitally important for biological membranes to maintain their SCE stress within a critical range to prevent the phase transition into a porous state (17) . An obvious detrimental effect of this phase transition within the Gram-negative IM is dissipation of the PMF. PspA is strongly implicated in preventing dissipation of the PMF both in vivo and in vitro (2, 3) , and this could be through controlling SCE stress levels to maintain an impermeable lamellar bilayer. We observed that for PspA and Vipp1, membrane binding increased with SCE stress. This behavior has been shown with other peripheral proteins, such as CCT and Rab (17, 18) , for which insertion into the membrane interface allows the chains of nearby lipids to splay and alleviate some of the SCE stress. It appears plausible that PspA and Vipp1 could exploit this mechanism to both target and alleviate areas of the membrane exhibiting high levels of SCE stress, in order to stabilize the membrane.
Higher affinities for the vesicles when anionic lipids were included were observed for both PspA and Vipp1. Binding mediated by electrostatic interactions plays a key role in membrane association of many proteins via interactions between anionic lipids and positively charged amino acids (28, 29) . Previous studies with PspA highlighted interactions between the anionic lipids PG and PS, enabling membrane binding without CL determinacy (3) . We showed here that the presence of anionic lipids at low concentrations promotes a PspA-membrane-binding interaction with vesicles of low SCE stress. As all three anionic lipids appear to have a similar effect on PspA binding despite having different headgroup chemical structures, it is unlikely that the increase in binding is due to recognition of any specific lipid functional group. Nonspecific electrostatic interactions between positively charged amino acid residues on PspA and anionic lipids in the bilayer could be attributable to the enhanced membrane binding.
The conserved N-terminal AH regions of both PspA and Vipp1 (Fig. 3a) appear to be vital for membrane association in both SCE stress and anionic lipid-determined binding, as shown from the loss of function of ⌬AHa mutants. In addition, the ability of PspA's AHa to recruit eGFP to the membrane (see Fig. S4 in the supplemental material) provides strong evidence for a direct N-terminal AH-mediated membrane association mechanism for both PspA and Vipp1. AHs have been shown to bind the membrane in an SCE stress-dependent manner both in vitro (17) and in silico (30) . We propose for PspA and Vipp1 that upon membrane association, the hydrophobic face of the AH lies parallel to the bilayer with its central axis positioned at the interface between the phospholipid polar heads and alkyl chains, akin to a model AH (19) . Hydrophobic residue insertion within the fatty acyl chains can act as a wedge to alleviate SCE stress (17) . This association may be complemented by an electrostatic interaction between anionic lipids within the membrane and the positively charged residues located on the hydrophilic face of the PspA and Vipp1 AHas.
The ability of AHs to sense membrane curvature by binding to hydrophobic lipid-packing defects enriched on curved surfaces has been reported (31, 32) . This effect goes hand in hand with SCE stress-dependent binding, as both phenomena result from membranes being forced to adopt unfavorable lipid-packing conformations. Packing defects expose the hydrophobic membrane interior, providing sites for AH insertion and alleviating SCE stress once inserted (33) . With the SCE stress assay, the increasing stored membrane tension creates more packing defects, likely providing more binding sites for PspA and Vipp1 and therefore increasing their membrane binding. Recent work has shown that the curvature sensing ability of AHs is modulated by variations in charge on the nonpolar face and residues surrounding the AH (32) . Also, dampening of the AH curvature-sensing ability is observed with increased membrane negative charge (20, 32) . This model is consistent with the observations made in this study, where PspA's SCE stress sensing ability was mitigated by an increase in the anionic lipid content (though SCE stress sensing was still observed in the presence of anionic lipids).
The compositions and lipid species within the Synechocystis thylakoid and cytoplasmic membranes with which Vipp1 associates are very different from those found within the IM of E. coli, to which PspA binds. This study showed that membrane binding of PspA and Vipp1 is driven by two physical membrane signals of SCE stress and lipid headgroup charge. The nonspecific nature of these signals means that they can be exhibited across biological membranes irrespective of specific lipid species and suggests that conservation of an AH-driven membrane-binding mechanism by PspA and Vipp1 in vivo is possible throughout all species in which corresponding homologues are found. Indeed this work shows that Vipp1 directly binds to membranes consisting predominantly of both phospholipids and galactolipids. This may explain why Vipp1 from cyanobacteria can substitute for the PspA effector function in E. coli and, in direct correspondence, PspA from E. coli can substitute for Vipp1 and act in cyanobacteria as an effector to resolve protein translocation defects (34) . The specific function of Vipp1 in thylakoid membrane biogenesis might be attributed to a different substructure of Vipp1 compared to PspA (Fig. 3a and  see below) . Though PspA and Vipp1 proteins each possess N-terminal AHs, the amino acid sequence within them is not strictly conserved. Analysis of both AHas may explain some of the differences observed in membrane binding of the proteins. PspA's increased membrane-binding ability (for all membrane compositions) could in part be attributable to a higher average AH hydrophobicity (H) of 0.606 H, compared with 0.377 H for Vipp1 (calculated with the Fauchere and Pliska hydrophobicity scale via the method of Heliquest [35] ) increasing its affinity for lipids. Lesscharged residues on the hydrophilic face of PspA (6R, 9D; net charge [Z] of 0) could explain its enhanced sensitivity for SCE stress-dependent binding compared with Vipp1 (5D, 6R, 9R, 12R, 17D; Z ϭ 1), as increasing the charged residues on the polar face has been shown to dampen SCE stress sensing in other AHs (36, 37) .
While many bilayer-associating AHs, such as SCE stresssensing ALPS motifs, do not induce membrane curvature or vesicle remodeling, other AHs possess this ability and participate in vesicle formation (19) . Therefore, although we saw shared binding determinants, the distinguishing effector function of the PspA and Vipp1 proteins may arise from variation within the N-terminal AHs as well as Vipp1's extra C-terminal domain. In E. coli, the peripheral membrane-binding proteins MreB (shown to interact with PspA [10] ) and MinD also associate with the IM via an AH (24, 38) . Overall, it seems highly likely that PspA and Vipp1 bind the membrane by insertion of their N-terminal AHs into the lipid bilayer.
Many inducing agents and conditions have been identified for the Psp response (2) . While a unifying signal manifested by all inducers has been suggested to be due to variations in IM properties (1, 2), such a specific chemical or physical change has not been identified or proposed. The results from this work now suggest for the first time that SCE stress or the resulting lipid-packing defects within the IM could well be this unifying signal. Unfortunately, directly quantifying the SCE stress in biological membranes has yet to be achieved, so the effect that membrane stressors have on the precise magnitude of SCE stress in vivo cannot yet be ascertained. However, many (if not all) Psp-inducing conditions will likely result in local or global changes in SCE stress within the IM. For example, defects in protein translocation or the mislocalization of outer membrane proteins (including secretin pIV) could cause a hydrophobic mismatch, which can cause large changes in the lateral stress profile of the surrounding bilayer (39) . Extreme temperatures, which induce the Psp response, could increase IM SCE stress through increased acyl chain trans-gauche rotation, and similarly, hyperosmotic shock could cause increased lipidpacking defects through bilayer expansion. Another inducer of the Psp response, free fatty acids (for which the Psp response has shown to be highly upregulated) have also been shown to increase the SCE stress within membranes (40) . SCE stress may also play a role in Vipp1's ability to prevent the formation of balloon-like swollen chloroplasts in Arabidopsis thaliana under osmotic stress (12) . Membrane swelling will increase the lateral stress in the bilayer and most likely induce lipid-packing defects favoring membrane association of Vipp1. Future studies correlating the levels of SCE stress (and the resultant protein binding) seen in these in vitro studies to those seen under stressed and nonstressed conditions in vivo should help to confirm that an SCE stress-sensing mechanism drives the effector functions of PspA and Vipp1.
Our study also provides insights into PspA's regulatory role and suggests a new unilateral mode of IM stress-dependent induction of the Psp response. We showed that the PspA-PspF complex is unable to survive when exposed to the membranes of TLE vesicles and that this results in relief of transcription repression. Under certain growth conditions, PspA's ability to sense the state of the membrane could result in direct signaling to PspA, release of PspF, and induction of the Psp response, effectively bypassing any stress sensing by PspB and PspC. Increased transcription, which is seen with high-SCE stress vesicles, indicates that increased lipidpacking defects coupled with SCE stress provide energetically favorable binding sites for insertion of PspA's AH that overcome the repressive PspA-PspF interaction. This probably results from conformational changes in PspA upon membrane binding, as a competitive binding site for PspF seems unlikely, since PspA ⌬AHa can still interact with PspF (23) . The Psp response is induced under conditions that impair the IM integrity (2). As described above, stimuli such as protein translocation defects and mislocalization of outer membrane secretins into the IM require PspBC to release the PspA-PspF inhibitory complex and so induce the Psp response in enterobacteria. However, under certain severe stress conditions (extreme temperature, hyperosmotic shock [2] , when secretins are produced in cells with disturbed cell wall synthesis [11] or under anaerobic conditions [41] ), the induction of psp is partially or completely PspBC independent. Therefore, the induction of psp upon stress may include both a PspA-PspF interaction with PspBC and a direct PspA interaction with the stressed IM. It is possible that severe stresses provide sufficient increases in SCE stress to overcome the affinity of PspA for PspF and so, in concert with PspBC, induce the Psp response (Fig. 5) . Comparative studies of genome/operon organization within Proteobacteria have revealed that PspA and PspF are the most conserved Psp proteins and constitute the Psp minimal system (42) . This supports our findings that the PspA-PspF complex can be directly regulated by stressed membranes.
Based on the findings of this study, we propose an updated model of the induction and effector function of the Psp response that takes into account the effects of SCE stress that could manifest in the IM as a result of Psp-inducing conditions (Fig. 5) .
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains, plasmids their sources and constructions are described in Text S1 and listed in Table S1 in the supplemental material.
Protein purification. Proteins were overexpressed in E. coli BL21 and purified using Ni 2ϩ -nitrilotriacetic acid affinity purification (see Text S1 in the supplemental material for the protocol).
Preparation of lipid vesicles. Lipids were purchased from Avanti Polar Lipids (Alabastar, AL, USA). Buffer was added {25 mM Tris-HCl (pH 7.5), 200 mM NaCl, 75 mM NaSCN, and 0.005% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS)} to a 5 mM final phospholipid concentration and left at 25°C for 1 h. The suspension was then subject to five freeze-thaw-vortex cycles. Vesicles were produced by extruding the suspension through polycarbonate filters of 100-nm and 400-nm pore sizes using a miniextruder (Avanti Polar Lipids). Vesicle sizes were characterized via dynamic light scattering (DLS) to ensure homogeneity.
Native PAGE protein-vesicle binding assay. Purified protein (5 to 10 M) in 20 mM Tris-HCl (pH 7.8), 150 mM NaCl, 75 mM NaSCN, 5% glycerol, 0.005% CHAPS was incubated with increasing amounts of lipid vesicles for 15 min at 25°C in a total reaction volume of 20 l. Four microliters of 5ϫ native PAGE loading dye (250 mM Tris-HCl [pH 7.4], 50% [vol/vol] glycerol, 0.5 mg/ml bromophenol blue) was added to the samples before loading onto a polyacrylamide native gel (5% acrylamide concentration; OmniPAGE system; Geneflow). The gels were run in a Tris-glycine buffer (National Diagnostics; 25 mM Tris, 192 mM glycine [pH 8.3]) at 90 V for 80 min. Gels were stained with Sypro Ruby protein stain (Invitrogen), and bands were quantified using a Fujifilm FLA-5000 PhosphorImager and Aida image analyzer. The percentage of protein membrane bound was calculated from the relative intensity of the free protein band compared with that of a protein-only control. Sucrose gradient centrifugation. A 100-l (20 M) sample of protein was incubated with 50 l (3.5 mM) vesicles for 15 min at 25°C. Samples were then carefully layered on top of a 4.9-ml 0 to 30% sucrose gradient in PspA buffer (pH 7.8) in centrifuge tubes. After centrifugation (160,000 ϫ g, 16 h, 4°C) with a swingout rotor, fractions of 0.5 ml were collected and analyzed by SDS-PAGE and Sypro Ruby protein staining. The location of vesicles after centrifugation was monitored using vesicles containing 0.5% fluorescent (N-(7-nitroben-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-PE (NBD-PE), with the fluorescence of collected fractions measured by using a BMG Omega plate reader.
Small primed RNA synthesis assay. An spRNA synthesis assay was performed in 10 l of STA buffer (25 mM Tris-acetate [pH 8.0], 8 mM Mg-acetate, 10 mM KCl, 3.5% [wt/vol] polyethylene glycol 6000). One hundred nanomoles of E 54 (reconstituted using a 1:5 E: 54 ratio) and 20 nM promoter nifH probe were incubated at 25°C for 5 min to allow E 54 -DNA complex formation. Addition of 4 mM dATP (for PspF ATPase) and a further 5-min incubation were followed by addition of protein mix (containing the desired amounts of PspA, PspF, and vesicles) and a final 30-min incubation at 37°C. The spRNA (UpGGG) synthesis was initiated by addition of a mix containing 4 Ci [␣-32 P]GTP, 0.5 mM UpG, and 100 g/ml heparin followed by 37°C incubation for 20 min. The reaction was quenched via addition of loading buffer and analyzed on a 20% denaturing gel, visualized, and quantified using a Fuji FLA-5000 PhosphorImager.
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